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ACCELERATION OF A PULSATING PLASMA SLUG 

- USSR - 

[Fo l lowing  is a t r a n s l a t i o n  of a n  a r t i c l e  by 
P. M. Kolesnikov i n  t h e  Russian-language pe- 
r i o d i c a l  Magnitnaya Gidrodinamika (Magnetic 
Hydrodynamics),  R i g s ,  1965 , No 1, pages  73-79.] 

* '_, 2 %  

Tbis paper 
of a p u l s a t i n g  

UDC 533.95:538.4:621.362 &zv 
deals w i t h  t h e  a c c e l e r a t i o n  
plasma s l u g  i n  a h igh  c u r r e n t  

p u l s e  accelerator. The p u l s e s  of t h e  plasma 
s l u g  are  caused  by t h e  magne t i c  p r e s s u r e  far- 
ces of i n t e r i o r  c u r r e n t s  and  t h e  g a s - k i n e t i c  
p r e s s u r e  f o r c e s  i n  t h e  s l u g .  With a n  i n c r e -  
ase i n  g a s - k i n e t i c  p r e s s u r e  these p u l s e s  de- 
crease and can be absen t  a l t o g e t h e r .  I n  this 
case, o n l y  a n  expans ion  of t h e  s l u g  o c c u r s .  
S t r o n g  p u l s e s ,  s h a r p l y  chang ing  t h e  s y s t e m ' s  
i n d u c t a n c e ,  c a n  cause  a n  o v e r l o a d i n g  of  t h e  
s y s t e m  and t h e  appearance  of  i n s t a b i l i t y  of  
t h e  p i n c h  type .  Also,  t h e  movement of t h e  
s l u g ' s  center of m a s s  due t o  t h e  
magne t i c  p r e s s u r e  is examined. 

1. A number of t h e o r e t i c a l  and e x p e r i m e n t a l  p a p e r s  
have s t u d i e d  e l ec t rodynamic  a c c e l e r a t i o n  of plasma s l u g s  
[1--7]. T h i s  is connec ted  w i t h  t h e  e f f e c t i v e n e s s  of accel- 

c e n t i m e t e r s  i n  h i g h - c u r r e n t  plasma a c c e l e r a t o r s .  These ac- 
celerators a re  used  e x t e n s i v e l y  i n  i n j e c t i n g  plasma i n t o  
the rmonuc lea r  d e v i c e s ,  f o r  c r e a t i n g  s t rong  shock  waves and 
other  pu rposes .  

q u a s i n e u t r a l  plasma s l u g s  t o  s p e e d s  of t h e  o r d e r  of 
/second at densities cf IC14 + iG2c p a r t i c l e s /  
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Usua l ly  a s l u g  is thought  of  as an  u n d i s t o r t e d  con- 
d u c t i n g  bridge between electrodes, accelerated by magne t i c  
p r e s s u r e  forces of i n t e r n a l  c u r r e n t s  p a s s i n g  i n  t h e  accel- 
erator  th rough  t h e  b r i d g e .  The basis of s u c h  a c o n c e p t i o n  
is t h a t  t h e  plasma s l u g  is d i s t i n c t l y  localized i n  w i d t h  and 
is a s tab le  u n i t  i n  t h e  a c c e l e r a t i o n  p r o c e s s .  

However, a s l u g  is a v e r y  m o b i l e  and u n s t a b l e  forma- 
t i o n  o b t a i n e d  by t h e  a c t i o n  of e l e c t r o d y n a m i c  and gas dynamic 
forces. The i n i t i a l  stage of s l u g  f o r m a t i o n  c a n  be followed 
u s i n g  a model of f o r m a t i o n  of a spark c h a n n e l  by c a p a c i t o r  
discharge on electrodes. Works [8--141 g ive  a detailed an- 
a l y s i s  of t h i s  s t a g e .  The g e n e r a l  p r o c e s s  of c h a n n e l  forma- 
t i o n  o c c u r s  i n  t he  f o l l o w i n g  way. 

With sudden  a p p l i c a t i o n  of a v o l t a g e  a c r o s s  t h e  gas 
discharge gap  between e l e c t r o d e s ,  shock  i o n i z a t i o n  of g a s  is 
caused  by e l e c t r o n i c  Townsend i o n i z a t i o n  or  s t r e a m i n g ,  de- 
pending  upon t h e  i n i t i a l  p r e s s u r e  i n  t h e  gas. A t h i n  chan- 
n e l  t h a t  r e a d i l v  conduc t s  a c u r r e n t  is 
of t h e  discharge of a c a p a c i t o r  w i t h  a 
e lectr ic  ene rgy  

formed. As a r e s u l t  
large c a p a c i t a n c e  of 

2 

a great amount of ene rgy  is evolved  i n  
form. of a J o u l e  effect  of 1 J o u l e  i n  a 

t h i s  c h a n n e l  i n  t h e  
t i m e  of t h e  order of 

10-7 s e c o n d s  p e r  u n i t  l e n g t h  of t h e  c h a n n e l .  A s  a r e s u l t  of 
i n t e n s i v e  ene rgy  e v o l u t i o n  and t e m p e r a t u r e  and p r e s s u r e  i n -  
s ide  t h e  c h a n n e l  s h a r p l y  i n c r e a s e ,  and t h e  c h a n n e l  b e g i n s  t o  
widen,  model ing  i t se l f  as a c y l i n d r i c a l  s o u r c e .  D i s p e r s i o n  
of s u c h  a c h a n n e l  w i l l  c o n t i n u e  u n t i l  the  a c t i o n  of t h e  en- 
e r g y  evo lved  i n  t h e  c h a n n e l  is compensated by its drawing  
off i n t o  t h e  s u r r o u n d i n g  medium by thermal  exchange or other  
means. 

In p a r t i c u l a r ,  a t  great c u r r e n t  s t r e n g t h s  of the  order 
of 6*105 amps, p r e s e n t  i n  a p u l s e  accelerator, magnet ic  p re s -  
s u r e  forces of i n t e r n a l  c u r r e n t s  are of extremely g r e a t  i m -  
p o r t a n c e ,  c a u s i n g  e l ec t rodynamic  a c c e l e r a t i o n  of s l u g s  t o  
h igh  s p e e d s  a n d ,  on t h e  o t h e r  hand, impeding gas dynamic 
d i s p e r s i o n  due  t o  t h e  p inch  effect .  

The p i n c h  ghenomesss in p u r e  form has  been s t u d i e d  i n  
~ i s r k s  ji5, 161. P i n c h  p u l s e s  r e s u l t  i n  i n s t a b i l i t y  of t h e  
p i n c h ,  and  i n  t h e  f i n a l  s t a g e ,  i n  its c o l l a p s e .  Work [SI 
attempted t o  examine t h e  i n f l u e n c e  of p u l s e s  on the  acceler- 
a t i o n  p r o c e s s ;  however, t he  complexi ty  of t h e  e q u a t i o n s  d i d  
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n o t  permit  a n a l y t i c a l  s o l u t i o n  of t h i s  problem. 

2.  L e t  u s  examine t h e  a c c e l e r a t i o n  process of a p u l -  
s a t i n g  s l u g  i n  a r a i l t r o n  [ r e l ' s o t r o n ]  or a coaxial. F i g .  l 
g i v e s  t h e  e q u i v a l e n t  e l e c t r o m e c h a n i c a l  c i r c u i t  of s u c h  a n  
accelerator. 

F i g .  1. E q u i v a l e n t  Electric C i r c u i t  of a 
P u l s e  Plasma Accelerator 

1 -- lead electrodes;  2 -- plasma s l u g ;  CO-- -- i n i t i a l  induc-  c a p a c i t o r  capacitance; 
t a n c e ;  b -- d i s t r i b u t e d  n d u c t a n c e  of a u n i t  
l e n g t h  of t h e  a c c e l e r a t o r ;  2 - -  d i s t a n c e  be- 
tween electrodes; z ( t )  =- c o o r d i n a t e  of 
s l u g ' s  c e n t e r  of mass; r ( t )  -- c o o r d i n a t e  of 
s l u g  s u r f a c e ,  

9 

Here the s l u g  is g i v e n  i n  t h e  form of a m o b i l e  l i n e a r  p inch  
2 of r a d i u s  r ( t ) ,  accelerated a l o n g  t h e  lead electrodes 1 by 
magne t i c  p r e s s u r e  f o r c e s  of c u r r e n t s  p a s s i n g  t h r o u g h  t h e  cir- 
c u i t  w i t h  c a p a c i t o r  discharge Coo The i n d u c t a n c e  of t h e  cir- 
c u i t  w i l l  accumula te  from the  i n i t i a l  c i r c u i t  i n d u c t a n c e  LO, 
used  as t h e  i n d u c t a n c e  of the  accelerator, which  i n c r e a s e s  
w i t h  a c c e l e r a t i o n  of t h e  s l u g  p r o p o r t i o n a l  t o  t h e  c o o r d i n a t e  
of its c e n t e r  of g r a v i t y ,  L 1  - b z ( t ) ,  where b is t h e  induc-  
t a n c e  d i s t r i b u t e d  on a u n i t  l e n g t h  of t he  a c c e l e r a t o r  i t s e l f ,  
and t h e  i n d u c t a n c e  of t h e  p u l s a t i n g  p i n c h  

1cr ro i 
2n - - -  f ( t )  " Lg= -ln--- 

where I is t h e  d i s t a n c e  between electrodes and r ( t )  is t h e  
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. 
p i n c h  r a d i u s  a t  any moment of t i m e .  I n  t h i s  way, 

We write t h e  e q u a t i o n  d e s c r i b i n g  t h e  p u l s a t i o n  of a 
plasma s l u g ,  fol lowing work [ S I ,  i n  t h e  form 

M d2r lp f 2  
--=--- + 2xlropo (: ) 
4 d t 2  2n 2r 

where M -- mass of accelerated slug 
t~ -- dimension c o e f f i c i e n t  e q u a l l i n g  4%. 

a -- power t a k i n g  i n t o  a c c o u n t  a n  e q u a l  d i s t r i -  
h [henr ies ] /m;  

b u t i o n  of mass by s l u g  c r o s s - s e c t i o n ;  
po -- i n i t i a l  gas p r e s s u r e  i n  p i n c h ;  
ro -- i n i t i a l  p i n c h  r a d i u s .  

Here i t  is proposed t h a t  t h e  forces of i n e r t i a  ( l e f t  
m e m b e r )  are balanced  by t h e  forces of magnet ic  compress ion  
(first t e r m  of r i g h t  member) and t h e  gas-dynamic forces,  
whence gas compress ion  o c c u r s  a d i a b a t i c a l l y  w i t h  i n d i c a t o r  
Y = 5/3. 

Discharge c u r r e n t  I is de te rmined  by t h e  e q u a t i o n  of 
discharge c o n t i n u i t y  

d U  
d t  

I=-C0--. 

For comple t eness  w e  add t h e  e q u a t i o n  of t h e  e lectr ic  
c i r c u i t  

I d t = O  
d 
- d t  L f + R I + -  

and  t h e  e q u a t i o n  of mot ion  of the  plasma slug’s center or” 
m a s s  

- 4 -  



We g i v e  t h e  i n i t i a l  c o n d i t i o n s  i n  t h e  form 

a t  t - 0  

dr 
d t  

r=ro;  -=o; 

Equa t ion  sys t em (1) -- (5) with i n i t i a l  c o n d i t i o n s  ( 6 )  w i l l  
describe a s i m p l e  model of  p u l s a t i n g  s l u g  a c c e l e r a t i o n  i n  
f u l l .  T h i s  s y s t e m  is e s s e n t i a l l y  n o n l i n e a r  and  c a n  be s o l v e d  
on computers .  For t h i s  i t  is c o n v e n i e n t  t o  c o n v e r t  t o  d i -  
m e n s i o n l e s s  magni tudes .  I n t r o d u c i n g  d i m e n s i o n l e s s  v a r i a b l e s  

we write e q u a t i o n  s y s t e m  (1) -- (5) i n  t h e  form 

-[( d 1+Y+.ln-)x]+.-+9-0 1 dq dz X dr 
dcp. 

w i t h  d i m e n s i o n l e s s  p a r a m e t e r s  

where 
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. 
The i n i t i a l  c o n d i t i o n s  w i t h  t h e  new v a r i a b l e s  w i l l  be: 

a t  2'0 

d 9  q = l ;  -=o. 
dt 

3. L e t  u s  a p p r a i s e  t h e  v a l u e  of magni tudes  of t h e  
p a r a m e t e r s  e n t e r i n g  i n t o  e q u a t i o n s  ( 8 )  -- (10) and  t h e i r  
effect  on t h e  s y s t e m ' s  behavior .  

The magnitude of parameter  q in a c t u a l  accelerators 
c a n  change i n  t h e  wide r a n g e  q = 10-3 9 102. 

T h i s  i n f l u e n c e  on t h e  a c c e l e r a t i o n  p r o c e s s  was s t u d -  
i e d  i n  work [l]. I n  order t o  allow the p o s s i b i l i t y  of com- 
p a r i n g  t h e  c a l c u l a t i o n  r e s u l t s  w i t h  t h o s e  of ear l ier  works, 
t h e  v a l u e  of t h i s  pa rame te r  is taken i n  t h e  i n t e r v a l  O . l + l O .  
T h i s  is also j u s t i f i a b l e  because t h e  optimal v a l u e s  of t h i s  
p a r a m e t e r  l i e  i n  t h i s  i n t e r v a l ,  as t h e  c a l c u l a t i o n s  show. 

The magnitude of parameter  a is de te rmined  by ohmic 
losses i n  the accelerator and was t a k e n  t o  e q u a l  0 .1  i n  ac- 
c o r d a n c e  w i t h  [7] and c o r r e s p o n d i n g  t o  t h e  v a l u e  i n  real  ac- 
celerators 121. Parameter p is de te rmined  by t h e  geometric 
characteristics of t h e  a c c e l e r a t o r  and c a n  assume v a r i o u s  
v a l u e s  i n  a wide r ange .  If I 4 0.01 m, then b2 c a n  be 
large; a t  C - O . l a O . O 1  m ,  b = ( 1 + 4 ) * 1 0 - 7  h/m;  is deter- 
mined by t h e  i n i t i a l  eddy i n d u c t a n c e ,  and its magnitude is 
now reduced  t o  (100 + 50).10-9 h;  r ~ - 0 . 0 1 + 0 . 0 0 1  m.  I n  
t h i s  problem, t he  magnitude of parameter p was t a k e n  e q u a l  
t o  l i 1 0 0 ,  whence lower v a l u e s  c o r r e s p o n d  t o  small  1 and 
large b. 

The magni tude  of parameter  € changes  o n l y  w i t h  a 
change  i n  accelerator s t r u c t u r e  and is taken t o  e q u a l  0 .1 ,  
which a t  = 50.10-9 h co r re sponds  t o  t h e  magnitude 1 = 
0.025 m. 

The magni tude  of parameter  v is de te rmined  by t h e  re- 
l a t i o n s h i p  of gas p r e s s u r e  f o r c e s  w i t h i n  t h e  column t o  t h e  
forces of i n e r t i a .  An i n c r e a s e  i n  v s i g n i f i e s  a p h y s i c a l  in -  
crease i n  t h e  i n i t i a l  p r e s s u r e  w i t h i n  t h e  s l u g .  I t  may o c c u r  
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t h a t  t h i s  p r e s s u r e  is great i n  compar ison  w i t h  t h e  magne t i c  
p r e s s u r e .  Then t h e  s l u g  does  n o t  p u l s a t e ,  and gas-dynamic 
expans ion  of t h e  s l u g  w i l l  occur .  

The behav io r  of  s o l u t i o n s  o f  t h e  n o n l i n e a r  sys t em w i l l  
be de te rmined  by t h e  r e l a t i o n s h i p  of paramete r  magn i tudes .  
A n a l y t i c a l  s o l u t i o n  of t h i s  sys t em c a n  be c a r r i e d  o u t  by 
a s y m p t o t i c  methods o n l y  i n  t h e  case o f  small v a l u e s  of p a r a -  
meters q, a, v, when t h e  e q u a t i o n  c a n  be c o n s i d e r e d  as  a n  
e q u a t i o n  w i t h  l i t t l e  n o n l i n e a r i t y .  

4. N u m e r i c a l  s o l u t i o n  of e q u a t i o n  sys t em ( 8 )  -- (10) 
w i t h  i n i t i a l  condi t ions  (12)  by t h e  Range-Kutt method was 
c a r r i e d  o u t  on a "Ural" computer. 

F i g s .  2 ,  3, and 4 g i v e  t h e  r e s u l t s  of t h e s e  e q u a t i o n s  
f o r  pa rame te r  v a l u e s  q = 0.1; a -  0.1; .E= 0.1; v = 0.01 
+ 0.1; p = 1. 

X 

a5 

F i g ,  2. Change of S l u g  Rad ius  x i n  Time Z 
a t  D i f f e r e n t  Accelerator P a r a m e t e r s :  

I -- q = 0.1; a m  0.1; & =  0.1; v = 0.01;  p = 1; 
11 -- q = 0.1; a- 0.1; E =  0.1; v = 0 .1 ;  p = 1. 

Analyz ing  t h e  g r a p h s ,  we see tha t  w i t h  a c c e l e r a t i o n  
of t h e  p u l s a t i n g  plasma s l u g  two modes of a c c e l e r a t i o n  are 
p o s s i b l e :  1 )  mode w i t h  a n  expandlr,g plasiiia siug ( c u r v e  I1 
e", Fig. 2;; 2 j  mode w i t h  a p u l s a t i n g  plasma s l u g  ( c u r v e  I 
on F i g .  2) .  For  convenience  i n  compar ison ,  these c u r v e s  
were o b t a i n e d  w i t h  i d e n t i c a l  magni tudes of parameters e n t e r -  
i n g  i n t o  e q u a t i o n s  ( 8 )  - - ( lo) :  q = 0.1; a =  0.1; & =  0.1;  
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. 
p = 1.  Only t h e  magnitude of parameter v changed, propor- 
t i o n a l l y  to t h e  gas k i n e t i c  pressure  w i t h i n  t h e  s l u g .  

F i g .  3 .  Change i n  Voltage 'p and Current cp' 
i n  t i m e  z with t h e  Fol lowing Accel- 
erator Parameters: 

F i g ,  4 .  Chrnge i n  Speed of s l u g ' s  Center of 
Mass y '  and Path y running through t h e  
s l u g  a t  t h e  fo l lowing  accelerator para- 
meters: 

- 8 -  



As c a n  be s e e n  from these g r a p h s ,  a t  v = 0.01 t h e  s l u g  
has a p u l s a t i n g  motion.  The s l u g  compresses by 2.5 t i m e s  
and  t h e n  expands w i t h o u t  l i m i t  -- p i n c h  t y p e  i n s t a b i l i t y  ap- 
p e a r s .  I n c r e a s e  of parameter  v by 10 times a t  f ixed  v a l u e s  
of t h e  r ema in ing  p a r a m e t e r s  r e s u l t s  in a n  expans ion  of t h e  
plasma s l u g  w i t h  r e s p e c t  t o  its c e n t e r  of mass. I n  b o t h  
cases a n  a c c e l e r a t i o n  o f  t h e  s l u g ' s  c e n t e r  of mass o c c u r s  
a l o n g  t h e  lead electrodes by t h e  a c t i o n  o f  magne t i c  p r e s s u r e  
forces . 

Gn t h e  basis  of numerous c a l c u l a t i o n s  w e  c a n  form gen- 
eral  c r i te r ia  fo r  e s t a b l i s h i n g  t h e  mode w i t h  a p u l s a t i n g  or 
a n  expanding  plasma s l u g ;  a t  q ' p  >1Ov p u l s a t i o n  w i l l  o c c u r  
and a t  q * p - v  t h e  s l u g  w i l l  expand. 

P h y s i c a l l y  these c o n d i t i o n s  s i g n i f y  t h a t  i n  t h e  first 
case t h e  f o r c e s  of magne t i c  compression i n  t h e  i n i t i a l  mom- 
e n t  exceed t h e  forces of gas k i n e t i c  p r e s s u r e  w i t h i n  t h e  s l u g ;  
i n  t h e  second case these forces are  comparable i n  magni tude ,  
However, t h e  action of magnet ic  forces also c a u s e s  t h e  move- 
ment of the  s l u g  as a whole.  

Fig. 3 g i v e s  t h e  change of t h e  d i m e n s i o n l e s s  c u r r e n t  
'p' and  v o l t a g e  9 i n  t i m e .  Fig.  4 i l l u s t r a t e s t h e  change i n  
s p e e d  of movement of t h e  s l u g ' s  c e n t e r  of mass y '  and its 
p a t h  y i n  t i m e ,  

I t  a p p e a r s  t h a t  i n  the  examined case of s m a l l  pa ra -  
meter v a l u e s  q 4 1; p - 1 ;  v 4 1 the  mode w i t h  p u l s a t i o n  
o r  expans ion  of t h e  s l u g  i n f l u e n c e s  t h e  accelerator p r o c e s s -  
es i n  a n  i d e n t i c a l  degree. T h i s  c a n  be e x p l a i n e d  by t h e  
fact  t h a t  a t  s m a l l  magni tudes  of ene rgy  pa rame te r  q a slow 
change  i n  t h e  s l u g  d imens ions  and  its i n d u c t a n c e  o c c u r s .  
Comparing these g r a p h s  w i t h  t h o s e  of El, 71, w e  see t h a t  t h e  
character of s l u g  acceleration a s  a whole r ema ins  as before. 
On t h e  s t r e n g t h  of s m a l l  v a l u e s  of ene rgy  parameter  q ,  a 
change  i n  c u r r e n t  and v o l t a g e  o c c u r s  a s  i n  a s y s t e m  w i t h  
l i t t l e  n o n l i n e a r i t y  and decay .  The magnitude of h a l f - l i f e  
somewhat i n c r e a s e d  a t  t h e  expense of i n c r e a s e  i n  t h e  c i rcui t ' s  
s e l f - i n d u c t a n c e .  

I n c r e a s e  i n  parameter q g r e a t l y  affects t h e  behav io r  
o f  t h e  s o l u t i o n s ,  c a u s i n g  s t r o n g  s l u g  p u l s a t i o n s  and its i n -  
t e n s e  a c c e l e r a t i o n .  The s l u g  r a d i u s  s h a r p l y  d e c r e a s e s  32th 
a n  i n c r e a s e  i n  a ,  caus icg  8 s i g n i f i c a n t  i n c r e a s e  in t h e  
slug's i n d u c t a n c e  and a s i g n i f i c a n t  i n c r e a s e  of i n d u c t i v e  
v o l t a g e  d r o p  a l o n g  t h e  s l u g ,  which resu l t s  i n  t h e  a p p e a r a n c e  
of a v o l t a g e  a l o n g  t h e  s l u g  and more i n t e n s e  development o f  
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instability. In connection with this, the mode with a pul- 
sating slug is less effective from the point of view of ac- 
celerating the slug as a whole in comparison with the mode 
of acceleration with expansion of the slug, although in the 
latter case part of the energy is wasted on motion in the 
reverse direction. 

Inasmuch as acceleration of the slug's center of mass 
occurs at the expense of magnetic pressure forces, the second 
criterion of the theory is that the magnetic pressure forces 
considerably exceed the gas pressure forces in the coaxial. 
With the applied voltages of magnetic fields - 1 TL [TA] , 
this conditio is already fulfilled at pressures of the order 103 newtons/m 9 . 

Submitted 2 July 1964 
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